This paper describes an optimization method of the top electrode size for a thin film matrix ultrasonic transducer (M-UT) in the frequency range above 200 MHz. The goal of this work is to design an optimal top electrode size for an M-UT providing the maximal output peak-peak voltage (V PP ) and the maximal signal-to-noise ratio (SNR) without additional electrical impedance matching. In order to reduce the complexity of the M-UT with more than 1000 elements, an intrinsic matching by electrode size variation is necessary. However, the size of a single element top electrode for an M-UT is related to the number of elements within a targeted sensor area, V PP and SNR of the transducer. In this paper, varying the active area of the top electrode from 0.09 to 25 mm 2 shows that for an Al-AlN-Al on silicon wafer configuration connected with a JSR Ultrasonics pulser/receiver (50 ohms), the optimal electrode size is 1 mm 2 . With the optimal size electrode, the maximum output V PP of 0.08 V and the SNR of 42.93 dB are achieved at the resonance frequency of 225 MHz, and the bandwidth is16.21 MHz.
Introduction
This paper describes an optimization method of the top electrode size for a thin film matrix ultrasonic transducer (M-UT) in the frequency range above 200 MHz, and the goal of this work is to design an top electrode size for an M-UT providing the maximum output peak-peak voltage (V PP ) and the maximal signalto-noise ratio (SNR) without additional electrical impedance matching.
In non-destructive testing (NDT) and medicine diagnostic, array and phased array methods based on line array transducers or matrix transducers are available in the frequency range up to 20 MHz. Compared to single element methods, they can reduce mechanical effort for scanning (line array), or increase the capability of detection and sizing for misoriented defects due to beam steering (phased array).
Nowadays, the resonance frequency of commercial matrix ultrasonic transducers is less than 30 MHz. When it is more than 30 MHz, traditional piezoelectric materials, such as PZT ceramics and piezoelectric 1-3 composites, are difficult to be structured for a matrix transducer. Recently, due to the progress in microelectronic technology and the availability of semiconductor process compatible piezoelectric materials, such as aluminum nitride (AlN) [1, 2] , it is possible to design a high frequency matrix ultrasonic transducer. Compared to other conventional piezoelectric materials, AlN presents some attractive properties, such as high sound velocity of 11,200 m/s, high dielectric strength of 20 MV/ cm, and low dielectric constant of 8.6 [3] . It can be deposited and processed with common techniques, including chemical vapour deposition, reactive sputtering, pulsed laser deposition and ion beam deposition [4, 5] . Besides, due to the full complementary metal-oxide-semiconductor (CMOS) compatibility, AlN can also be used for micro-opto-electro-mechanical systems (MOEMSs) and micro-electro-mechanical systems (MEMSs) [6, 7] . All these factors make AlN a promising alternative material for a high frequency M-UT as shown in Fig. 1 . In this configuration, first a substrate (for example silicon) is used as a delay line. Then, on the top of the substrate, a bottom electrode, an AlN thin film and a top electrode are deposited by the reactive magnetron sputtering technique. Subsequently, the top electrode is diced and an M-UT is realized. Finally, fan-out electrodes can be mounted using conductive traces and isolation layers. Now, incorporating 3D integration techniques and through silicon vias, an M-UT with more than 1000 elements can be achieved. In order to reduce its complexity, an intrinsic matching by electrode size variation is necessary. However, for a matrix transducer, there is a trade-off between having a top electrode size (see Fig. 1 ) that is as small as possible to increase the density of elements per unit area, but as large as possible to increase the generated energy. The former is to increase the resolution, i.e., the ability of an ultrasonic system to produce simultaneous and distinct indications 0041-624X/$ -see front matter Ó 2012 Elsevier B.V. All rights reserved. http://dx.doi.org/10.1016/j.ultras.2012. 10.018 from reflectors located at nearly the same position with respect to the sound beam. The latter is to enable a targeted SNR value without additional electrical impedance matching. Therefore, in order to increase the resolution and the SNR value of an ultrasonic transducer, it is necessary to research the influence of the electrode size.
Bozkurt and his colleagues proposed a theory of electrode size optimization for capacitive microfabricated ultrasonic transducers [8] , and Bayram et al. researched the influence of the electrode size and location on performance of a capacitive micromachined ultrasonic transducer (CMUT) [9] . However, up to now, no research has been published to analyze the influence of the top electrode size on the performance of ultrasonic transducers, especially in the frequency range above 200 MHz. Since, for single element piezoelectric transducers, maximum energy transfer principle methods based on electrical impedance matching are state of the art, and they are also widely applied to electro-mechanical piezoelectric applicators operating at the frequencies below 100 kHz [10] , in this paper, we propose a top electrode size optimization method based on the maximum transmission coefficient and the stored energy for the M-UT in the frequency range above 200 MHz.
The content of the paper is listed as follows: in Section 2, a mathematical description of the stored energy and the energy transmission coefficient is stated; subsequently, a top electrode size optimization method based on the stored energy and the energy transmission coefficient is attained in Section 3; then in Section 4, simulation on the proposed optimization rule is conducted with respect to an Al-AlN-Al structure on silicon wafers with different electrode sizes, and it is validated by the practical experiments in Section 5. Section 6 is the conclusion.
Energy storage and energy transmission

Energy storage of an ultrasonic transducer
A typical thin film piezoelectric transducer can be simplified as a piezoelectric plate sandwiched by two electrodes on both sides. This plate behaves electronically as a capacitor with capacitance per unit area given as [11] ,
where e is the permittivity of the piezoelectric under no applied voltage; d is the thickness of the piezoelectric plate; q(t) is the electric charge per surface area on one electrode and V 3 is the voltage between two electrodes which can be denoted as,
In Eq. (2), h is the piezoelectric constant; w(z, t) is the mechanical displacement of the plate from its equilibrium position; w T (t) = w(d, t) À w(0, t) denotes the increase of the mechanical displacement, which develops a voltage Àhw T (t) when the thickness changes from 0 to d.
The energy stored by the capacitor can be calculated with voltage, electrode size and capacitance using the following equation:
where P s is the energy stored on the capacitor and A is the electrode size of the transducer. From Eq. (3), it can be seen that if the thickness of the piezoelectric plate is fixed, the energy storage of the transducer is proportional to the electrode size.
Energy transformation coefficient
Electronically, an ultrasonic transducer represents complex impedance. When the electrical impedance of the transducer and the source (for example pulser) is known, the energy transmission coefficient from the source to the transducer is calculated as 
where Z l is the electrical impedance of the transducer and Z s is the electrical impedance of the source. In order to calculate the electrical impedance of the transducer, we use Krimholtz-Leedom-Matthaei (KLM) model [12] in this paper. In KLM model, the electrical impedance near the resonance frequency can be denoted as, It can be seen that Z 0,1,2 and C 0 are proportional to the active area A 0 of the piezoelectric plate. Combine Eqs. (4) and (5), the transmission coefficient T, which is related with the active piezoelectric area, can be denoted as,
Top electrode size optimization rule
Generally, for a high frequency ultrasonic transducer, in order to avoid edge effects, the top electrode is equal or smaller than the piezoelectric plate. So the active area of the piezoelectric plate is equal to the size of the top electrode, that means A = A 0 . Based on analysis of the last section, we obtain its relationship with the energy storage and the energy transmission coefficient. In this section, based on this relationship, a method is proposed to choose the optimal top electrode size.
From Eq. (4), if Z l -Z s , it shows that not all energy P s can be transmitted into the ultrasonic testing devices and part of the stored energy will be reflected back. However, the reflected energy influences the SNR value of the received signals, which can be calculated from the following equation:
where V pp is the peak-peak voltage and N rms is the root-meansquare value of noise. In real applications, in order to reduce the influence of noise, the transmission coefficient between the ultrasonic transducer and the source should be close to 1 (for example 0.9). Based on the last section, we can ensure the following scope of the electrode size which can attain a desired transmission coefficient,
where T d is the desired minimum transmission coefficient and A t is the set that includes all the valid electrode sizes. In order to design a minimum valid electrode size, we can solve the following optimization problem, min A s:t: A 2 A t ð9Þ
Normally electrical impedance matching between the transducer and the source is used to improve the transmission coefficient. Thus, the optimal electrical impedance matching is considered and the design process of Eq. (8) 
where Z m is the optimal matching impedance. Besides the transmission coefficient, another factor that influences the performance of a transducer is the stored energy on the capacitor. Based on Eq. (3), it can be seen that the stored energy is proportional to the top electrode size. So, in order to achieve the maximal stored energy, the electrode size should be as big as possible, i.e., Fig. 4 . Measurement setup and connection. Combine the stored energy and the transmission coefficient, the transmission energy P t should be considered. We can evaluate it using the multiplication of the stored energy and the transmission coefficient, i.e., P t ¼ P s TðA; Z m ðAÞÞ ð12Þ
Thus, the optimization design of the electrode size can be conducted using the following equations similar to Eq. (10) 
Simulation results
In order to validate the electrode size optimization method in Section 3, we test aluminum (Al)-AlN-Al transducers on silicon (Si) wafers with different top electrode sizes. First, a Si wafer is used as a substrate (its average thickness is 500 lm), on which a square shaped Al electrode covering the substrate is deposited. On the top of it, a squared shaped AlN layer with a thickness of 10 lm and an area of 25 mm 2 is deposited, followed by a squared The calculation result with the proposed method is shown in Fig. 3 , where the top figure is the norm of the input electrical impedances with different electrode sizes and the bottom is the corresponding energy transmission coefficients. From Fig. 3 , it can be seen that the input electrical impedance is a monotonic decreasing function of the electrode area and the energy transmission coefficient is a unimodal function. The maximal energy transmission coefficient is 0.044 (4.4%) when the electrode area is 1.2 mm 2 . Therefore, theoretically the optimal top electrode size of our transducer is 1.2 mm 2 .
When the top electrode size is 25 mm 2 , 1 mm 2 , 0.25 mm 2 and 0.09 mm 2 , the energy transmission coefficient, the stored energy and the transmission energy are calculated and listed in Table 1 . From it, it can be seen that in our simulation, considering both the transmission energy and the transmission coefficient, the optimization electrode of 1 mm 2 is achieved.
Experiment
For our transducers in Fig. 2 , we test them with the pulse-echo measurements, and the AlN transducers serve as an acoustic transmitter and receiver. The illustration in Fig. 4 shows the schematic setup of the measurement. The pulser and receiver DPR 500 (JSR Ultrasonics) is used to excite the transducers with a needle pulse at high amplitude (À143 V) and short pulse time ($1.4 ns), and the input impedance of DRP 500 is 50 ohms. The receiver is set to a gain of 5 dB and a pass filter between 5 MHz and 500 MHz is used. The received signals are transmitted to a PC Digitzer Card (Aquiris U1071 A, Agilent Technologies), which has an real-time sampling rate up to 2 GS/s, and the amplifier response is optimized to ensure that the high frequency measurements can be conducted with a bandwidth (À3 dB) of maximum 1 GHz.
Because the echo measurement can reflect the working properties of the transducers in time domain and the Fast Fourier Transformation (FFT) result of the echo measurement can reflect their properties in frequency domain, in this experiment, the first three echoes reflected back from the substrate back wall are measured and FFT of the first back wall echo is performed. In Table 2 , respectively. In each row of the table, the left figure is the first three echoes reflected back from the back wall of the substrate, and the right figure is the FFT of the first echo. The comparison of these measurement results is shown in Table 3 .
From Tables 2 and 3 , we can attain the following conclusion:
( size. It coincides with the simulation result in Section 4.
Conclusion
In this paper, we propose a top electrode optimization method for a high frequency M-UT based on the energy transmission coefficient and the stored energy. Our contributions are in the following three aspects: (1) From the mathematical description of the stored energy and the energy transmission coefficient, their relationship with the top electrode size is constructed. (2) With respect to the stored energy and the energy transmission coefficient, a top electrode size optimization method is proposed. (3) Simulation on an Al-AlN-Al structure on Si wafers with different electrode sizes are performed, and through comparison with the experiment results, the optimal electrode size 1 mm 2 is proved. 
